Abstract-The antimicrobial triclosan was analyzed in unfiltered samples from influent, effluent, and receiving stream and before and after a pilot-scale constructed wetland at a North Texas municipal wastewater treatment plant. Triclosan concentrations were reduced by 97 to 99% by the activated sludge treatment plant. Effluent concentrations were further reduced by passage through the constructed wetland, but receiving stream concentrations were not statistically significantly different from effluent concentrations. Effluent concentrations of triclosan were seasonal with highest concentrations occurring during the summer months. The effluentdominated receiving stream maximum concentrations during summer months were below reported algal no-observed-effect concentrations based on biomass and growth rate but exceeded concentrations reported to cause shifts in algal community structure.
INTRODUCTION

Triclosan (5-chloro-2-[2,4-dichloro-phenoxy]-phenol [TCS]) manufactured in Europe by
Ciba Specialty Chemicals (Basel, Switzerland) is marketed for a range of antimicrobial applications in North America and Europe [1] . Triclosan has been in use in consumer hygiene products as well as medical settings for 35 years according to Ciba Specialty Chemicals (http:// www.cibasc.com/view.asp?idϭ4413). Many consumer products, such as antibacterial soaps, deodorants, face washes, skin creams, plastics, and toothpastes, contain TCS [2] . In these consumer products, the amount of TCS typically ranges from 0.1 to 0.3% by weight. Originally, TCS was considered to exhibit a broad-spectrum bacteriostatic activity against gramnegative and gram-positive bacteria, molds, and yeasts [3] affecting membrane structure and function nonspecifically. However, studies have now shown that TCS activity is site specific, inhibiting enoyl-[acyl carrier protein] reductase and bacterial lipid biosynthesis at picomolar concentrations [4, 5] . About 96% of the consumer products that contain TCS are disposed of down the drain [1] , creating an exposure risk to aquatic organisms in wastewater treatment plant (WWTP) receiving systems [2] . Though TCS has not been shown to be toxic to humans at low levels, TCS concentrations below WWTPs may threaten some forms of aquatic biota [2] . Additionally, TCS underwent direct photolysis in ultraviolet light to yield 2,8-dichlorodibenzo-p-dioxin (2,8-DCDD) in both buffered and natural (Mississippi River, USA) water with yields ranging from 1 to 12% [6] .
In a national survey of organic wastewater contaminants in U.S. streams, TCS was one of the most frequently detected compounds [7] . In the southwestern United States, many of the receiving streams are dominated by WWTP effluent under low-flow conditions. These streams represent a worst-case scenario for exposure of aquatic organisms to enriched concentrations of contaminants associated with municipal WWTPs * To whom correspondence may be addressed (venables@unt.edu).
such as TCS. The chronic nature of this exposure establishes conditions that may lead to development of TCS-resistant bacterial populations. Pecan Creek in North-Central Texas receives the effluent from the city of Denton municipal WWTP (DWWTP) and is representative of the worst-case conditions described previously. Pecan Creek above the WWTP is frequently dry, and the flow below the plant is completely dominated by the effluent; significant effluent dilution occurs only briefly after rain events [8] . In this study TCS concentrations were determined in the influent, effluent, receiving system, and the inlet and outlet of a constructed wetland. In addition, seasonal changes in TCS concentrations in the DWWTP effluent are described.
MATERIALS AND METHODS
Study area
Pecan Creek DWWTP is a conventional activated sludge wastewater treatment plant. During this project, plant capacity was increased from 15 to 21 million gallons per day (MGD), and the plant switched from chlorination/dechlorination to ultraviolet disinfection as part of its expansion. The DWWTP has an experimental-scale (46 ϫ 46 m; maximum volume 570,000 L) constructed wetland that, if expanded to accommodate the entire effluent flow, might be useful in reducing TCS and related contaminants in Pecan Creek. The wetland has four lanes separated by three earthen berms, and a layer of clay isolates the wetland from groundwater. Depths range from a few centimeters at the inflow to 0.6 m at the wetland outflow. It receives a portion of the treated effluent before it is discharged into Pecan Creek and has been described in more detail previously [8] . The spatial relationship between the plant, wetland, and Pecan Creek are represented in Figure 1 . 
Sampling collection, preservation and handling
Extraction and concentration
Samples (1 L) were extracted following the recommendations of the U.S. Environmental Protection Agency (EPA) Method 3510 (http://www.epa.gov/epaoswer/hazwaste/test/ pdfs/3510c.pdf). The liquid/liquid extractions were conducted with dichloromethane (pesticide grade from Fisher Scientific, Pittsburgh, PA, USA) at original sample pH. Final extract volume was reduced to 100 l using a Kuderna-Danish concentrator followed by nitrogen blowdown. Surrogate triphenyl phosphate and TCS matrix spikes (100 ng each) were added before extraction. Because of the elevated TCS concentration in influent samples, only 100 ml were extracted into a final volume of 1 ml of dichloromethane. For these samples, surrogate and TCS matrix spikes were correspondingly increased (1 g each). For each monthly sample set, a laboratory blank (laboratory water), spiked blank (laboratory control sample), matrix spike, and matrix spike duplicate (effluent) were also analyzed.
Gas chromatography/mass spectrometry analysis
Analyses were conducted on a Hewlett-Packard (Palo Alto, CA, USA) 5890 Series II gas chromatograph (GC) with a 5970 mass selective detector (MS; electron impact, 70 eV). An eightpoint standard curve was established with triphenol phosphate and TCS concentrations ranging from a low of 0.08 ng/l to a high of 10 ng/l with tokuthion as an internal standard at 5 ng/l. Analytical standards of TCS, triphenyl phosphate, and tokuthion were obtained at certified concentrations from Absolute Standards, Hamden, CT, USA. A practical quantitation limit was set at 0.2 ng/l (corresponding to 0.02 g/L original concentration), 2.5 times the lowest standard used. The MS was operated in the selected ion-monitoring (SIM) mode with target, and two to three confirmatory masses were monitored for each compound. Gas chromatography conditions were inlet temperature at 260ЊC (2-l splitless injection) and column (J & W DB-5, 30 m, 0.25-mm i.d., 0.25-m film from Alltech, Deerfield, IL, USA) temperature initially at 40ЊC with a 1-min hold followed by a 70ЊC/min ramp to 140ЊC with a 5-min hold followed by a 10ЊC/min ramp to 300ЊC with a final 17-min bake-out. Carrier gas was helium at a constant inlet pressure of 10 psi. Table 1 lists the results of the quality control analyses.
Statistical analyses
All the statistical analyses were performed using Base SAS software, Version 8.2 (SAS Institute, Cary, NC, USA). The TCS concentrations were compared among sites, seasons, and 8-h composites over the 24-h collection cycle by a three- Table 2 . Descriptive statistics for each level by factor for the raw data with the site outliers deleted. The data are split by site, season, and composite. Composite 1-8 (A) is the first 8-h flow composite sample (10 AM-6 PM for all samples but the influent, which was from 12 AM-8 AM); composite 9-16 (B) is the second 8-h flow composite; and composite 17-24 (C) is the third 8-h flow composite. Sample way analysis of variance (ANOVA). Supporting analyses included normality, homogeneity of variances, and potential outlier tests. Additional analyses included two-way ANOVA for dates and sites and supporting analyses, ultraviolet treatment effects and supporting analyses, and percent loss of TCS through the WWTP treatment steps. The alpha level was set to 0.05 for all tests. No differences were detected for time of collection of the 8-h composites over the 24-h collection cycle, so composite samples were pooled for a given site and date (n ϭ 3). Concentrations were evaluated using a model III, three-way AN-OVA. Dates were grouped by season as follows: spring (AprilMay), summer (June-September), fall (October-November), and winter (December-January).
Concentrations were analyzed for statistical outliers by Grubb's test and when found were eliminated from additional statistical treatment. Values that were determined to be outliers for methodological reasons were also removed from the data set. Samples that had undetectable TCS concentrations were analyzed using both 0 g/L and the practical quantitation limit. A comparison of the results from these analyses showed that regardless of the value used in the analyses, the conclusions reached were the same. The 0 g/L was used in the analyses.
After the April 2003 sampling event, the flow into the wetland was increased to more than 1% of the wastewater treatment plant effluent. After the September 2003 sampling event, the ultraviolet disinfection system was implemented instead of the previous chlorination and dechlorination steps. An extra site was added 4.6 m upstream of the ultraviolet basin for direct comparison of TCS concentrations before and after the ultraviolet step. Table 2 gives summary statistics for influent, effluent, downstream, and wetland inflow and outflow by season and by composite. Because of the complexity of the data collected (10 months of sampling at five main sites: influent, effluent, downstream, wetland inflow, and wetland outflow with three 8-h time composites at each site), the sampling site concentration data were analyzed using a model III, three-way AN-OVA. This type of ANOVA works best with replicates. Since samples were taken only once per month and the composites taken at each sampling site were not true replicates because they differ in time, the data were split into seasons. Prior to performing the three-way ANOVA, the normality (ShapiroWilks test) and homoscedasticity (Hartley's F max test) of the individual levels (season, site, composite) were determined.
RESULTS
Data from most of the levels violated the normality assumption. Several transformations (log transform, square root transform, natural log transform, arcsine transform, arcsine square root transform) were performed, and none of them successfully normalized the data. The data were also evaluated for homogeneity of variance and were found to be heteroscedastic. For these reasons, the variates were ranked, and a parametric ANOVA was run on ranked data.
Following are the summary statements for the ANOVA. Season TCS concentrations were highly significantly different (p ϭ 0.0008), as were the sites (p Ͻ 0.0001); however, composites (p ϭ 0.9934), the interaction between season and site (p ϭ 0.0817), the interaction between season and composite (p ϭ 0.9471), the interaction between site and composite (p ϭ 0.9969), and the interaction among season, site, and composite (p ϭ 0.9999) were not significant. In those cases where significant differences were found for the ANOVA, multiple comparisons were performed using Student-Newman-Keuls (SNK) test (␣ ϭ 0.05). In the following description, means not found to be significantly different share a common underline.
summer fall winter spring Summer (2.89 g/L) was equal to fall (1.55 g/L) and greater than winter (1.13 g/L) and spring (0.94 g/L), which were equal to one another.
Sites were separated into three statistically distinct groups:
influent downstream effluent wetland inflow wetland outflow
. While sites and seasons were determined to be significantly different, the composites (Table 2) were not different (p ϭ 0.9934), indicating no significant diel pattern in TCS concentrations. Based on this outcome, a two-way ANOVA was performed on ranked data with date and site as the two levels. The results of this analysis showed that concentrations separated by month were statistically significantly different (p Ͻ 0.0001), as were sites (p Ͻ 0.0001), and the interaction between month and site was also significant. Monthly sampling dates were separated (SNK) as follows: The result for sites is slightly different from that of the model III, three-way ANOVA. However, because the interaction term for date and sites was significant (p Ͻ 0.0001), it is risky to comment on the factors separately.
Triclosan concentrations in the effluent before the ultraviolet basin were compared to the effluent after the ultraviolet basin because researchers have reported high conversion of TCS to dioxin in ultraviolet light [6] . The mean TCS concentration, based on data from three sampling dates, in the basin before the ultraviolet light was 0.10 g/L, and the mean after the ultraviolet light was 0.09 g/L. These site concentrations were not statistically significantly different (p ϭ 0.3190), and the interaction of sampling date and site was not significant (p ϭ 0.8108) (model III, two-way ANOVA). The mean TCS concentrations separated by sampling date, 0.16 g/L (11/26/ 03), 0.01 g/L (12/11/03), and 0.03 g/L (1/7/04), were significantly different (p Ͻ 0.0001) and were separated into three distinct groups by SNK (␣ ϭ 0.05):
11/26/03 12/11/03 1/7/04
The percent loss at each step of the wastewater treatment process from influent to effluent to downstream, from influent to effluent to wetland inflow to wetland outflow to downstream, and from influent to effluent before the ultraviolet treatment to effluent to downstream was determined. The volume of water that the wetland outflow contributes to the downstream site was minimal when compared to the volume of water that the effluent discharge contributes. The effluent before the ultraviolet treatment site existed only after the ultraviolet system was put in place in November, so only the November-January data were used in this analysis. Only the months that have wetland flow TCS concentrations were used in the influent to effluent to wetland inflow to wetland outflow to downstream analysis. All months were used in the influent to effluent to downstream analysis. Because the bulk of the sites were not normal, the median percent loss rather than mean percent loss was used in these comparisons. The percent reduction was calculated as the amount from the first step minus the amount from the second step with that quantity divided by the amount from the first step and multiplied by 100 to convert to percent. The median percent loss of TCS from influent to effluent was 98.4%. Therefore, the bulk of the TCS coming into the wastewater treatment plant was being removed before being discharged. The concentrations of TCS in the effluent and at our sample site 300 m downstream were not statistically significantly different. The median percent losses for the following medians are only for the months in which wetland data were available. The median influent was 5.55 g/L, the effluent was 0.09 g/L, the downstream was 0.09 g/L, the wetland inflow was 0.08 g/L, and the wetland outflow was 0.03 g/L. The percent reduction of TCS from influent to effluent was 98.4%, from effluent to wetland inflow was 9.8%, and from wetland inflow to wetland outflow was 67.9%. The 1.7% increase from the effluent concentration to the downstream concentration is not a significant increase, as these concentrations were not statistically significantly different.
The following medians are only for the months after the ultraviolet system was installed and the effluent right before the ultraviolet system was sampled. The median TCS concentration for the influent was 4.3 g/L, effluent before the ultraviolet basin was 0.08 g/L, effluent was 0.10 g/L, and the downstream was 0.09 g/L. This led to a median percent reduction of TCS from influent to effluent before the ultraviolet basin of 98.1%. The median effluent concentration before the ultraviolet basin was not significantly different from the concentration after the ultraviolet basin.
DISCUSSION
The performance of the analytical approach based on underivatized TCS and whole (unfiltered) water extraction was comparable to that reported by others. The practical quantitation limit (0.02 g/L) for this study was similar to wastewater detection limits reported by others using liquid/liquid extraction [9, 10] and solid-phase extraction [3, 7, 9, 11] . Although a much lower method detection limit (0.2 ng/L) was reported for large-volume (8 L) filtered samples [9] , the relatively high hydrophobicity of TCS (log K ow ϭ 4.8 [10] ) and its predicted sorption to suspended particulates [11] preclude filtration for estimates intended to represent total TCS concentration. Triclosan was not detected in any blank samples (Ͻ0.02 g/L, n ϭ 10). Laboratory control sample recoveries ranged from 82.0 to 134.0% with a mean of 104.5% (n ϭ 10). Matrix spikes were more variable with a low of 48.0%, a high of 190.5%, and a mean of 108.4% (n ϭ 10). Percent deviation of duplicate matrix spikes ranged from 1.68 to 40.5% with a mean of 16.9% (n ϭ 10). The performance of matrix quality control samples reflected variability associated with the analysis of whole unfiltered wastewater samples spiked at the trace level of 0.1 g/L.
Influent concentrations
The median influent concentration found at the Pecan Creek activated sludge wastewater treatment facility in this study across all seasons was 5.95 g/L, though influent concentrations ranged from 2.7 to 26.8 g/L. Of a total of 30 influent TCS estimates, 26 (86%) fell within the range of 2.7 to 8.4 g/L. The four estimates that exceeded this range were all two to three times the upper limit of the range (20.0-26.8 g/L). Seasonal variability exists throughout all sites, as determined through the ANOVA analysis, such that summer ϭ fall and is greater than winter ϭ spring. Although a seasonal pattern was not observed in the influent, it may have been obscured by increased variability associated with analysis of unfiltered samples with very high suspended solids content. It is estimated that distribution of TCS between soluble and sorbed forms in WWTP influent with elevated suspended solids is completely dominated (70-80% of total TCS) by sorbed TCS [11] . Thus, the heterogeneity of suspended material in influent presumably contributes heavily to the variability seen in the influent concentration estimates. The range of influent concentrations observed is similar to that found by others reporting values from about 3 to 5 g/L [3, 11] up to 15-22 g/L [3, 10] .
Effluent concentrations
The overall mean TCS concentration in the effluent was 0.11 g/L (range 0.03-0.25 g/L), and the monthly means exhibited a seasonal pattern with summer ϭ fall Ͼ winter ϭ spring (Fig. 2) . This apparent seasonal pattern may be due to reduced infiltration during dry summer months or seasonal changes in rates of product usage. Although seasonal data are not available from comparable studies, single-season effluent concentrations of TCS from two activated sludge WWTPs in Columbus and Loveland, Ohio, USA, were 0.24 and 0.41 g/ L [3] , values that bound the upper limit of the concentrations observed in this study, while TCS effluent concentrations from two trickling filter WWTPs in Glendale and West Union, Ohio, USA ranged from 1.61 to 2.7 g/L [3] . Elevated TCS concentrations may be associated with trickling filter treatment [3] . However, the final effluent concentration from an activated sludge wastewater treatment plant near Wakefield, United Kingdom, was 1.1 g/L [10] , similar to the elevated values found for trickling filter plants [3, 10] . A conventional activated sludge secondary wastewater treatment plant near New Orleans, Louisiana, USA, was reported to have effluent TCS concentrations as low as 0.01 to 0.02 g/L [12] .
TCS removal
Studies at activated sludge WWTPs have consistently demonstrated high efficiency of TCS removal. McAvoy et al. [3] found an average 96% removal of TCS in the two activated sludge treatment plants in Ohio cited previously. Three activated sludge plants near Arlington, Virginia, USA, were recently reported to have TCS removals ranging from 97.7 to 99.2% with most of the removal occurring in the secondary treatment stage [11] . In the present study, median percent removal at the DWWTP ranged from 97.1% in the summer to 99.0% in the spring. The median percent removal of TCS from influent to effluent for all samples was 98.3%, confirming the high efficiency reported previously for activated sludge WWTPs. In contrast to the consistent high removal rate reported for activated sludge WWTPs, TCS percent removal from trickling filter plants in Ohio cited previously was 75.5% [3] .
A significant effect of the ultraviolet treatment on TCS concentration was not detected. However, this result was based on very limited data at relatively low TCS concentrations. The pilot-scale artificial wetland did significantly decrease the concentration of TCS. This result, combined with that of an earlier study of the same system showing a significant reduction in diazinon concentration [13] , demonstrates the potential value of a full-scale artificial wetland as an effluent polishing technique.
Receiving water
The median TCS concentration in Pecan Creek 300 m downstream from the effluent discharge point was 0.11 g/L (range: 0.03-0.29 g/L) and was not significantly different from the effluent median concentration of 0.10 g/L (mean ϭ 0.11 g/L). Other studies have demonstrated rapid significant losses at sites downstream from the WWTP discharges that presumably relate to dilution, sorption, and various forms of degradation [12, 14] that were less important in the effluentdominated Pecan Creek within the limited downstream range studied.
The potential for ecotoxicological effects attributable to TCS concentrations in the receiving system was evaluated by comparison to published toxicity values. For comparison with toxicity values, total TCS concentrations can be converted to sorbed and soluble estimates. The DWWTP records indicate that effluent pH averaged 7.2 (range 7.0-7.4) and that total suspended solids (TSS) averaged 1.1 mg/L (range 0.4-2.0 mg/ L) during our study period. Using these average values for pH and TSS and equations and constants (dissociation constant, pK a ϭ 8.14; water organic carbon partition coefficient, K oc ϭ 46,800 L/kg; fraction of organic carbon of suspended solids, f oc ϭ 0.13) used by Sabaliunas [10] , over 90% of the total TCS is estimated to remain in the soluble, un-ionized, bioavailable form. Given the variability of TCS concentration estimates, it can be assumed that the total estimates reported here represent a reasonable estimation of the bioavailable concentrations potentially contributing to toxicity for aquatic organisms. Algae have been reported to be among the most sensitive aquatic organisms tested for TCS sensitivity [2] . The median concentration of TCS in Pecan Creek 300 m downstream from the effluent discharge point (0.11 g/L) was lower than the noobserved-effects concentrations reported for Scenedesmus subspicatus (0.5 g/L for both biomass and growth rate endpoints) and about a full order of magnitude lower than the lowest-observed-effects concentration reported for the same species (1.2 g/L) [2] . However, community structure of both attached and suspended algae exhibited marked shifts at a TCS concentration as low as 0.12 g/L [15] , near the median concentration of TCS observed in Pecan Creek and about half the maximum observed. Whether TCS has resulted in alteration of the algal community structure in Pecan Creek remains to be examined.
Elevated TCS concentrations in the downstream site relative to other studies [8, 11] and the probable elevation of concentration in pore water give cause for concern. Bacterial populations chronically exposed to TCS may develop TCS resistance. The mode of action of TCS is similar to some antibiotics, and antibiotic cross-resistance may result [4, 5, 16] . Future studies will include examination of resistance to TCS and crossresistance to antibiotics in microbial populations from receiving streams and associated pore water.
